Topography of Place Maps along the CA3-to-CA2 Axis of the Hippocampus  by Lu, Li et al.
ArticleTopography of Place Maps along the CA3-to-CA2
Axis of the HippocampusHighlightsd Place fields in proximal CA3 are sharper than in distal CA3
and CA2
d Rate remapping in place cells decreases gradually along the
CA3-to-CA2 axis
d Frequency of global remapping events drops sharply near the
distal end of CA3
d Functionally the CA2 region extends into the distal 10% of
CA3Lu et al., 2015, Neuron 87, 1078–1092
September 2, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.neuron.2015.07.007Authors
Li Lu, Kei M. Igarashi, Menno P. Witter,
Edvard I. Moser, May-Britt Moser
Correspondence
li.lu@ntnu.no (L.L.),
may-britt.moser@ntnu.no (M.-B.M.)
In Brief
Lu et al. show that ensemble activity of
hippocampal place cells is
topographically organized along the CA3-
to-CA2 axis, with strong pattern
separation near the dentate gyrus and
strong pattern completion in and near
CA2.
Neuron
ArticleTopography of Place Maps along
the CA3-to-CA2 Axis of the Hippocampus
Li Lu,1,* Kei M. Igarashi,1 Menno P. Witter,1 Edvard I. Moser,1 and May-Britt Moser1,*
1Kavli Institute for Systems Neuroscience and Centre for Neural Computation, Norwegian University of Science and Technology,
Olav Kyrres Gate 9, MTFS, 7489 Trondheim, Norway
*Correspondence: li.lu@ntnu.no (L.L.), may-britt.moser@ntnu.no (M.-B.M.)
http://dx.doi.org/10.1016/j.neuron.2015.07.007SUMMARY
We asked whether the structural heterogeneity of the
hippocampal CA3-CA2 axis is reflected in how space
is mapped onto place cells in CA3-CA2. Place fields
were smaller and sharper in proximal CA3 than in
distal CA3 and CA2. The proximodistal shift was
accompanied by a progressive loss in the ability
of place cells to distinguish configurations of the
same spatial environment, as well as a reduction in
the extent to which place cells formed uncorrelated
representations for different environments. The tran-
sition to similar representations was nonlinear, with
the sharpest drop in distal CA3. These functional
changes along the CA3-CA2 axis mirror gradients
in gene expression and connectivity that partly over-
ride cytoarchitectonic boundaries between the sub-
fields of the hippocampus. The results point to the
CA3-CA2 axis as a functionally graded system with
powerful pattern separation at the proximal end,
near the dentate gyrus, and stronger pattern comple-
tion at the CA2 end.
INTRODUCTION
The hippocampus is part of the brain’s map of external space
(O’Keefe and Nadel, 1978; Moser et al., 2008). A key cell type
of this map is the hippocampal place cell (O’Keefe and Dostrov-
sky, 1971; O’Keefe and Nadel, 1978). Place cells fire whenever
an animal is at a certain location in the environment; however,
only a subset of the place cells fire in any given environment
(Muller and Kubie, 1987; Wilson and McNaughton, 1993).
When the animal is moved into a different environment, place
cells undergo remapping (Muller and Kubie, 1987). Two forms
of remapping have been described. During global remapping,
a new subset of the place-cell population is activated (Muller
and Kubie, 1987; Wilson and McNaughton, 1993; Leutgeb
et al., 2004, 2005b; Colgin et al., 2008; Alme et al., 2014). Sub-
sets of place cells may overlap between two environments, but
those cells that fire in both environments generally fire at unre-
lated locations. Between environments, the ensemble activity
is therefore no more similar than expected by chance (Leutgeb
et al., 2004). In addition to global remapping, place cells exhibit1078 Neuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc.continuous transitions—rate remapping—where only the distri-
bution of firing rates, not the location of firing, varies from one
test to another (Leutgeb et al., 2005a, 2005b). Rate remapping
allows for an unlimited variety of firing patterns at the same loca-
tion (Fenton andMuller, 1998; Leutgeb et al., 2005a; Romani and
Tsodyks, 2010) and is triggered by intraenvironmental variation,
such as substitution of box colors (Anderson and Jeffery, 2003;
Leutgeb et al., 2005b), replacement of odors (Wood et al.,
1999; Anderson and Jeffery, 2003; Igarashi et al., 2014), or
changes in the animal’s experience and motivational context
(Markus et al., 1995). Collectively, global remapping and rate re-
mapping enable the hippocampus to form distinguishable repre-
sentations of large numbers of experiences in large numbers of
environments, at the same time that similar spatial coordinates
are used for events that take place in the same location.
Place cells exist in all subfields of the hippocampus (Jung and
McNaughton, 1993; Jung et al., 1994; Leutgeb et al., 2007;
Kjelstrup et al., 2008), but the way environments and experi-
ences are mapped onto the circuit may be influenced by local
variations in network structure. Not only is the hippocampus
composed of cytoarchitectonically discrete subfields, but each
subfield displays considerable regional variation. Such varia-
tions, with functional consequences, were first demonstrated
in CA1. In CA1, the sharpest place fields are found near CA3,
in the proximal region (Henriksen et al., 2010), which is the part
of CA1 that has the strongest connectivity with the spatially
modulated grid cells and border cells of the medial entorhinal
cortex (MEC) (Naber et al., 2001; Hafting et al., 2005; Solstad
et al., 2008; Zhang et al., 2013; Cappaert et al., 2015). In more
distal regions of CA1, where more of the cortical input comes
from the lateral entorhinal cortex (LEC), place fields are more
dispersed and cells respond more strongly to nonspatial stimuli,
such as discrete objects and odor signals (Henriksen et al., 2010;
Burke et al., 2011; Nakamura et al., 2013; Igarashi et al., 2014),
much like neurons in the LEC itself (Hargreaves et al., 2005;
Deshmukh and Knierim, 2011; Tsao et al., 2013). However, it is
the CA3 region, with its strong recurrent connections, that has
received the strongest attention as a potential source for the
associative memory properties of the hippocampus (Marr,
1971; McNaughton and Morris, 1987; Treves and Rolls, 1992;
O’Reilly and McClelland, 1994; Hasselmo et al., 1995; Rolls
and Treves, 1998; Steffenach et al., 2002). Transcriptional acti-
vation studies of the CA3 region have pointed to transversely
organized activity patterns similar to those of the CA1 system
(Nakamura et al., 2013), but implications for the neuronal repre-
sentation of space have not been determined.
The structural organization of CA3 changes gradually from
proximal CA3 (pCA3) through middle CA3 (mCA3) to distal CA3
(dCA3) (see Figure S1A available online). Mossy-fiber inputs
from the dentate gyrus taper off in the proximodistal direction
(Ishizuka et al., 1995), at the same time that associational projec-
tions between pyramidal cells becomemore prominent (Ishizuka
et al., 1990; Li et al., 1994) and the distribution of projections from
layer II cells in the entorhinal cortex (EC) becomes stronger (Ish-
izuka et al., 1995). All of these anatomical gradients extend into
the CA2 subfield, a narrow band of distal CA3-like cells with
extensive recurrent collaterals (Tamamaki et al., 1988) and negli-
gible mossy fiber inputs (Lorente de No´, 1934; Jones and
McHugh, 2011). At the same time, CA2 has unique projections,
such as direct efferents to layer II of the MEC (Rowland et al.,
2013), and cells in this area have functional properties that distin-
guish them from those of the neighboring subfields (Zhao et al.,
2007; Chevaleyre and Siegelbaum, 2010; Jones and McHugh,
2011; Hitti and Siegelbaum, 2014; Stevenson and Caldwell,
2014). These differences are largely, but not exclusively,
matched by gradients in afferent connectivity and gene expres-
sion (Lein et al., 2005). Projections to CA2 from the supramam-
millary nucleus extend into distal CA3 (Haglund et al., 1984), as
does the expression of a number of genes with preferential
expression in CA2 (Lein et al., 2005). These observations raise
the possibility that functional boundaries along the CA3-CA2
axis transcend classical boundaries between cytoarchitectonic
subdivisions. The aim of the present study was to determine
how place representations map onto the graded structural orga-
nization of the CA3-CA2 axis.
RESULTS
Recording Positions
Ten rats were implanted with tetrodes in the right hippocampus.
In addition, four control rats were included from a previous study
in which rate remapping was examined in the left hippocampus
after lesions of the LEC in the experimental group (Lu et al.,
2013). For the sample of 14 animals as a whole, the tetrode
locations covered the entire transverse axis between pCA3
and proximal CA1 (pCA1) (Figures 1A and S1). The length of
the proximodistal CA3 axis was 2.0–2.5 mm. Locations between
0% and 40% of this length were defined as pCA3 (also referred
to as CA3c), locations between 40% and 70% as mCA3 (CA3b),
and the rest—between 70% and 100%—as dCA3 (CA3a). The
subdivision was based on subtle differences in packing density
of pyramidal cells, thickness of the pyramidal cell layer, and dif-
ferences in the distribution of mossy fibers from dentate gyrus
(see Supplemental Experimental Procedures). All tetrodes were
located in the dorsal one-third of the hippocampus. Three rats
had tetrodes in only one hippocampal subfield, nine had tetrodes
in two subfields, and two had tetrodes in three subfields
(Figure S1).
Spatial Tuning along the CA3-CA2 Axis
We first compared the spatial firing properties of individual
neurons. A total of 956 well-isolated putative pyramidal cells
were recorded from 14 rats while the animals chased chocolate
crumbles in a square box with either white or black walls. Of theNecells, 604 were active in the recording box (mean firing rate
above 0.1 Hz). These cells were selected for further analysis.
Nearly all active pyramidal cells exhibited localized firing (Fig-
ure 1B). However, the proportion of active cells increased along
the CA3-CA2 axis, with the lowest counts in pCA3 (42.2%) and
the highest in CA2 (89.6%; Table S1; Figure 2A). The enhanced
activation from pCA3 toward CA2 was accompanied by reduced
spatial tuning, as estimated by a spatial information measure.
The drop in spatial information reversed to higher values right af-
ter the CA2/CA1 border. A one-way ANOVA showed a significant
change in spatial information across subregions (F [4] = 49.0, 604
cells, p < 0.001, Holm-Bonferroni post hoc tests, p < 0.05 for the
majority of comparisons; Figure 2B; see also Figure S2A). There
was also an increase, from pCA3 to CA2, in the size of the firing
fields (Figure 2C; F [4] = 19.3, p < 0.001) as well as the cells’ mean
firing rates (Figure 2D; F [4] = 4.2, p = 0.002). The stability of the
firing fields, estimated by the spatial correlation between the first
and the second half of the trial, decreased along the same axis
(Figure S2B).
These differences were accompanied by strong Pearson
product-moment correlations between activity measures and
normalized tetrode location along the CA3-CA2 axis (proportion
of active cells is r = 0.57, p < 0.001, n = 63 tetrodes; spatial infor-
mation is r = –0.66, p < 0.001, n = 59; place field size is r = 0.58,
p < 0.001, n = 59; mean rate is r = 0.43, p = 0.001, n = 59; spatial
stability is r = –0.49, p < 0.001, n = 59; see Figure S2 for cell-
based analyses, which gave similar results). However, separate
analyses of the proximal and distal halves of the CA3-CA2 axis
showed that—for the proportion of active cells, spatial informa-
tion, and spatial stability—the correlations were significant only
for the distal half of the CA3-CA2 axis, suggesting that the gradi-
ents were not strictly linear (proximal part, p > 0.22; distal part,
p < 0.005). In agreement with this possibility, 57.0% of the vari-
ance for spatial information could be explained by a sigmoidal
curve-fit, whereas only 43.9% was explained by linear regres-
sion. Similarly, a sigmoidal fit could explain 43.8% of the
variance for spatial stability, while linear regression explained
23.6%. The addition to the explained variance was lower for
place field size (sigmoidal, 38.5%; linear, 33.3%) and the propor-
tion of active cells (38.0% versus 32.6%). For mean rate, the
addition was minimal (sigmoidal, 20.1%; linear, 18.7%). The
half-maximum inflection point calculated from the best-fitted
sigmoidal functions occurred at approximately 80%–90% of
the length of the CA3 axis (range 0.82–0.86 for spatial informa-
tion, spatial stability and place-field size; Figures S2E–S2L).
These observations suggest (1) that the change in spatial firing
properties is strongest in the distal-most part of CA3 and (2)
that the distal-most CA3 and CA2 are in many respects function-
ally similar. The diminished spatial tuning of the dCA3-CA2
end of the axis was not due to poor isolation of cell clusters
(Figure S3).
Gradual Decrease in Rate Remapping along the
CA3-CA2 Axis
We next examined whether ensemble properties of CA3-CA2
place cells exhibit similar heterogeneity. Rate remapping was
evoked by training animals at a constant location in a box with
alternating white (W) and black (B) walls. The trial sequenceuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc. 1079
Figure 1. Representative Recording Sites and Place-Cell Firing Patterns in the Open Box for Each Hippocampal Subregion
(A) Nissl-stained sagittal brain sections showing representative recording locations in each hippocampal subregion. Text indicates subregion. Recording
positions are shown in red. Number next to the recording site indicates normalized recording position along the proximodistal axis of CA3-CA2, with 0 set to be
the proximal end and 1 the CA3/CA2 border. CA3/CA2 and CA2/CA1 borders are indicated by black and green arrowheads, respectively. Scale bar, 1 mm. See
Figure S1 for all recording sites.
(B) Trajectories with spike locations (upper row) and color-coded rate maps (lower row) showing place fields for up to ten simultaneously recorded cells from the
tetrodes shown in (A). The animal’s path is shown in gray and spike locations in red. Color scale for the rate maps is indicated in the top row. Text above tra-
jectories indicates cell ID (T, tetrode; C, cell). Text above rate maps shows peak firing rate. Scale bar, 50 cm. See Figure S3 for additional cluster information.was B-W-W-B. As expected from previous work with this task
(Leutgeb et al., 2005b; Lu et al., 2013), in most CA3 cells, the
firing rate distribution changed substantially between black
and white trials, whereas firing locations of individual cells re-
mained constant. However, the difference in rate distribution
between black and white trials depended on the location of the
tetrode along the CA3-CA2 axis (Figures 3 and S4A–S4C).
The rate difference between black and white environments
was expressed for each cell by normalizing the rate difference
by the sum of the rates in the two environments. Between trials
with the same wall colors, the normalized rate difference was
low in all hippocampal regions (means ± SEM, between
0.164 ± 0.007 and 0.233 ± 0.019). When the color was changed,
the scores increased. Two-way repeated-measures ANOVA
showed a significant interaction between color (different colors
versus similar colors) and region (hippocampal subregions)1080 Neuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc.(F [4, 599] = 58.2, p < 0.001), in addition to significantmain effects
of color (F [1, 599] = 507.3, p < 0.001) and region (F [4, 599] =
38.0, p < 0.001). On trials with different colors, cells in pCA3
had the highest difference scores (0.598 ± 0.030), followed by
cells in mCA3 and dCA3 (0.494 ± 0.030 and 0.287 ± 0.027,
respectively) (Figures 4A and S4D). In CA2, the rate difference
was only slightly higher than between repeated tests in the
same environment (0.197 ± 0.011). pCA1 cells were intermediate
to cells in mCA3 and dCA3 (0.324 ± 0.017). Differences between
subregions were significant for all comparisons except for pCA1
versus dCA3 (Holm-Bonferroni post hoc tests, p < 0.05). There
was a strong correlation between tetrode position along the
CA3-CA2 axis and the normalized rate differences between the
black and white configurations of the environment (r = –0.80,
p < 0.001, 59 tetrodes, Pearson correlation; analyses with cells
as the unit gave similar results, r = –0.59, p < 0.001, 435 cells)
Figure 2. Change in Spatial Modulation of Firing along the Hippo-
campal Transverse Axis
(A) The proportion of active cells increased along the proximodistal CA3-to-
CA2 axis. *p < 0.05; **p < 0.01; ***p < 0.001.
(B–D) Average data (means ± SEM) showing decreased spatial information
content (B), increased size of place fields (C), andmean firing rate (D) along the
CA3-CA2 axis. See Figure S2 for tetrode- and cell-based analyses.(Figure 4B). The correlation was present for both halves of
the proximodistal axis (separate analyses for tetrodes proximal
and distal to midpoint of the axis, r = –0.43 and r = –0.45, respec-
tively, both p < 0.02; cell-based analyses, proximal half, r =
–0.19, p = 0.036; distal half, r = –0.32, p < 0.001). The gradient
was apparent in all individual animals with sufficient sampling
(Figure S4E).
In contrast to the substantial change in rate distribution, there
was only minimal change in the firing locations of the place cells,
irrespective of tetrode position, as expected during rate remap-
ping. Spatial correlations between rate maps for black and white
boxes remained large in all subregions (all mean values for black
versus white > 0.62), although the correlations were generally
lower than across repeated trials with the same color (Figures
4A and S4D). The decrease in spatial correlation between the
two test conditions was largely similar across regions (one-way
ANOVA, F [4] = 3.6, 604 cells, p = 0.007; Holm-Bonferroni post
hoc tests, CA2 versus mCA3, p = 0.032; other pairs were not
different). The maintenance of high spatial correlations across
test configurations in the same location is a defining criterion
of rate remapping.
Finally, we estimated the consequences for ensemble coding
using a population-vector measure that is sensitive to the
composite distribution of firing location and firing rate in theNecell sample (Leutgeb et al., 2005b). Population vectors from cor-
responding locations in the black and white configurations were
moderately correlated in pCA3 and mCA3. In dCA3, CA2, and
pCA1, the correlations were stronger. On trial pairs with similar
colors, the correlations were strong in all subregions (Figures
4A and S4D). The difference in population vector correlations
for trials with different wall colors and trials with similar wall
colors was significant across regions (two-way repeated-mea-
sures ANOVA, color 3 region: F [4, 1995] = 480.8, p < 0.001),
suggesting that the redistribution of firing patterns during rate re-
mapping can be read outmore effectively from neural ensembles
in proximal and intermediate CA3 than in distal CA3 and CA2.
Discontinuity in Global Remapping
We next asked, in a different set of experiments, if the CA3-CA2
gradient in rate remapping is mirrored by a similarly monotonic
decrease in global remapping. Pyramidal cells were recorded
in open square environments in two different rooms, using the
same ten rats that were tested in the rate-remapping task.
Nine out of ten rats showed clear global remapping in this
task, as indicated by a pronounced change in both firing rates
and firing locations. In the tenth animal (rat 18548), the place cells
did not change their firing locations (spatial correlation, 0.690 ±
0.046; mean score for the remaining animals, 0.187 ± 0.019).
This animal had tetrodes in pCA1 and CA2. Approximately
10% of the total cell sample in these areas was from this rat.
Similar individual differences have been observed in previous
work (Lu et al., 2013). We did not exclude the anomalous animal
from any analysis.
A total of 830 well-isolated pyramidal cells were recorded in
the two-room task. Of these cells, 571 were active in at least
one room (Table S1). These cells were selected for further anal-
ysis. The analyses showed a striking difference in global remap-
ping across hippocampal subregions. In pCA3 and mCA3, the
subset of active pyramidal neurons in the two rooms was largely
nonoverlapping. In CA2, most place cells were active in both
rooms, at different combinations of locations. In dCA3 and
pCA1, the overlap was intermediate between pCA3 and mCA3
on one hand, and CA2 on the other (Figures 5 and S5A–S5C).
In individual cells, global remapping is expressed by a sub-
stantial change in firing rate as well as relative firing location.
For repeated trials in the same room, the normalized rate differ-
ence was low for all subregions (means ± SEM between 0.190 ±
0.010 and 0.279 ± 0.025). However, rate differences between tri-
als in different roomswere larger and depended strongly on sub-
region (two-way repeated-measures ANOVAwith room (different
or same) and region (hippocampal subregions) as factors: room,
F [1, 566] = 892.4, p < 0.001; room3 region, F [4, 566] = 62.8, p <
0.001). Cells in pCA3 and mCA3 had high difference scores
(0.833 ± 0.030 and 0.810 ± 0.030, respectively), dCA3 and
pCA1 cells had moderate scores (0.577 ± 0.032 and 0.486 ±
0.023, respectively), and CA2 cells had scores that only slightly
exceeded those of repeated tests in the same room (0.314 ±
0.016; Holm-Bonferroni post hoc tests, all p % 0.01, except
pCA3 versus mCA3; Figures 6A and S5D). The relationship be-
tween rate difference and tetrode location on the CA3-CA2
axis was highly nonlinear, with an abrupt transition from dissim-
ilar to similar rate distributions in distal CA3 (Figure 6B). Thereuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc. 1081
Figure 3. Representative Rate Maps Showing Different Degrees of Rate Remapping in CA3 and CA2 across Tests in Black and White
Versions of the Same Box
(Top rows) Pictured are schematics showing color reversal task (B, black; W, white version of the same box), with trajectories of the animal in gray below.
(A) Simultaneously recorded pCA3 (top panel), mCA3 (middle panel), and dCA3 (bottom panel) cells from rat 19328. Each row shows one cell (cell ID indicated on
the left). Color is scaled to the highest peak rate on the four trials, but peak rate (text above) is indicated for individual trials. Color scale is shown at the bottom
right. Note that the degree of rate remapping decreased from pCA3 to dCA3.
(B) Simultaneously recordedmCA3 cells (upper panel) andCA2 cells (lower panel) from rat 19327. Note that whilemCA3 cells showed strong rate remapping, CA2
cells showed almost no rate change at all.
(C) Simultaneously recorded CA2 cells (upper panel) and pCA1 cells (lower panel) from rat 17899. Scale bar, bottom right, 50 cm. Note again that the firing of CA2
cells remained largely unchanged, unlike the adjacent CA1 cells.
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Figure 4. Gradual Decrease in Degree of
Rate Remapping along the CA3-CA2 Trans-
verse Axis
Same task as in Figure 3.
(A) Cumulative distribution functions for normalized
rate difference (left), spatial correlation (middle),
and population vector correlation (right) on trials
with similar or different wall colors. Black curves,
trial pairs with different wall colors; gray curves,
trials with similar wall color. Note the decreasing
distance between the two curves from pCA3 to
CA2 on the rate difference measure. Cumulative
distribution plots are preferred to bar plots
because they better visualize the distribution of
values across cells or bins. See Figure S4 for bar
plots.
(B) Scatterplot showing correlation between
normalized recording position (as shown in Fig-
ure 1A) and normalized rate difference between
trials with different wall colors. Each cross corre-
sponds to one tetrode. Dotted line indicates CA3/
CA2 border; dashed line indicates CA2/CA1
border. Regression line and correlation coefficient
are indicated. Inset shows CA3 proximodistal axis
scaled from 0 to 1 (CA3/CA2 border).was no significant correlation between rate difference and
recording position within the proximal half of the CA3-CA2 axis
(all positions on the proximal side of the midpoint, with tetrodes
as the unit of analysis, r = –0.21, p = 0.55; distal side, r = –0.76,
p < 0.001; cell-based analyses, proximal side: r = –0.05, p = 0.68;
distal side, r = –0.54, p < 0.001). The distribution of rate differ-
ences along the CA3-CA2 axis could be fit by a sharply sigmoidalNeuron 87, 1078–1092, Sefunction, with a half-maximum inflection
point (calculated from the best-fitted
sigmoidal function) at 89.5% (91.1% for
the cell-based analysis) of the length
of the proximodistal CA3 axis, approxi-
mately 200–250 mm from the CA2 border
(Figure 6B). The explained variance with
a sigmoidal fit was clearly larger than
with linear regression (81.1% versus
64.6%). The distribution of the proportion
of cells with activity in both rooms was
similarly sigmoidal, with an inflection point
at 91.8% (Figure 6C; explained variance
with sigmoidal versus linear fit, 84.6%
versus 59.7%). The Pearson correlation
between the proportion of cells with
activity in both rooms and normalized
recording position was significant only
for the distal half of the cell population
(proximal half, r = 0.44, p = 0.18; distal
half, r = 0.73, p < 0.001). The pattern of
results was not changed when animals,
rather than cells, were used as the unit
of analysis (Figure S5E).
The change in firing rate distribution be-
tween the two rooms, at the proximal endof the CA3 axis, was accompanied by an equally pronounced
change in the relative firing locations of simultaneously recorded
place cells. In all subregions, there was a substantial drop in
spatial correlation from trial pairs in the same room to trial pairs
in different rooms. This decrease in spatial correlation was region
dependent (one-way ANOVA, F [4] = 8.4, 571 cells, p < 0.001;
Figures 6A and S5D). The drop in correlation was smaller forptember 2, 2015 ª2015 Elsevier Inc. 1083
Figure 5. Representative Rate Maps Showing Global Remapping at Different Levels of CA3 and in CA2
Tests were performed in two rooms (A and B), as indicated by the schematic at the top. Rate maps are shown for simultaneously recorded pCA3, mCA3, and
dCA3 cells in rat 19328 (A), mCA3 and CA2 cells in rat 19327 (B), and CA2 and pCA1 cells in rat 17899 (C). Scale bar, bottom right, 50 cm. Note that most cells in
mCA3 and pCA3 were active in only one of the rooms, whereas CA2 cells were active in both.
1084 Neuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc.
Figure 6. Changing Pattern of Global Re-
mapping along the CA3-to-CA2 Axis
Same task as in Figure 5.
(A) Cumulative distribution functions showing
normalized rate difference (left), spatial correlation
(middle), and population vector correlation (right)
on trials in the same room or in different rooms.
Black curves show trial pairs in different rooms;
gray curves show trials in the same room. See
Figure S5 for additional plots.
(B) Scatterplot showing correlation between
normalized recording position and normalized rate
difference on trial pairs in different rooms. Solid
curve shows the best sigmoidal fit to the data.
Dotted line indicates CA3/CA2 border; dashed line
indicates CA2/CA1 border (see also Figure 4B).
Note the abrupt transition near the distal end of
CA3. Position of the transition or inflection point (t)
is indicated.
(C) Similar to (B), but for correlation between
tetrode location and proportion of cells that were
active in both rooms.CA2 and dCA3 than for pCA3 and mCA3 and smaller for CA2
than for pCA1 (Holm-Bonferroni tests, p < 0.01).
The rate and location differences were confirmed by popula-
tion vector correlation analyses, which showed strong similar-
ities between trials in the same room and weak similarities
between trials in different rooms (Figures 6A and S5D). The
decrease in population vector correlations, from similar roomsNeuron 87, 1078–1092, Seto different rooms, differed significantly
across subregions (two-way repeated-
measures ANOVA, region 3 room, F [4,
1995] = 1,638.8, p < 0.001).
Remapping across Multiple
Environments
The two-room experiment showed that,
at the distal tip of CA3 and in CA2, largely
the same cells were recruited to each rep-
resentation. In contrast, in the proximal
andmiddle part of CA3, pairs of represen-
tations overlapped minimally. Previous
work has shown that the lack of overlap
in the proximal and middle region is main-
tained when the number of test rooms is
increased from 2 to 11, suggesting that
this part of the network has considerable
storage capacity (Alme et al., 2014). In
the next experiment, we asked whether
overlap between representations in-
creases at more distal levels when test
rooms are added. Three of the ten rats
from the two-room study were tested
over 2 days in ten novel rooms, in addition
to one of the familiar rooms (Alme et al.,
2014) (Figure 7A). A total of 488 well-iso-
lated pyramidal neurons were recorded
from pCA1, CA2, and CA3 (Table S1).The cells were stable throughout the experiment (Figure S6).
The CA3 cells were not subdivided along the transverse axis
because all CA3 cells were recorded proximal to the 90% posi-
tion on the proximodistal axis where the transition took place in
the two-room experiment (range 12%–82%).
In CA3, different subsets of place cells were recruited in
different rooms. The average number of rooms in which a cellptember 2, 2015 ª2015 Elsevier Inc. 1085
Figure 7. Representative Trajectory Maps Showing Persistent Activity in CA2 but Not in CA3 during Foraging in 11 Different Rooms
(A) Schematic showing test sequence. White bar shows the location of the cue card. FR, familiar room; NR, novel room. Vertical lines separate trials in different
rooms. Note that NR1 and NR6 are repeated.
(B) Three simultaneously recorded CA3 cells in rat 19327. Trajectory is shown in gray; locations of individual spikes are shown in red. Each pair of rows shows one
cell (upper row, day 1; bottom row, day 2). Text above each plot indicates mean firing rate on that trial.
(C) CA2 cells recorded simultaneously with the CA3 cells in (B). Scale bar, bottom right, 50 cm. Note the strong difference between sparse coding in CA3 and
dense coding in CA2. See Figure S6 for rate maps. Example CA2 cells contribute to both low and high correlation values in Figure 8C.
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was active was 1.54 ± 0.09 (mean ± SEM). Only 10.4% of the
CA3 cells were active in four rooms or more, in agreement with
previous findings (Alme et al., 2014). When the first novel room
was repeated at the end of each test day, after four other rooms,
similar groups of cells were activated as on the first trial (on
average 85% of the cells from the first trial), suggesting that
the new maps were stable. In CA2, the overlap between active
cell groups was substantially larger across rooms. The majority
of the simultaneously recorded cells in this region (33 out of
52) were active in all 11 rooms (mean number of rooms ± SEM,
8.48 ± 0.55, Figures 7B, 7C, 8A, and S6A). The mean firing rates
of CA2 pyramidal cells were also higher (Figures S7A and S7B).
The distribution of the number of rooms in which a particular cell
was active differed significantly between the CA3, CA2, and CA1
subfields (one-way ANOVA, F [2] = 220.0, 488 cells, p < 0.001;
Holm-Bonferroni post hoc tests, all p < 0.01), as did the propor-
tion of cells active in all rooms (CA3, 0%; CA2, 63.5%; pCA1,
11.1%; Fisher’s exact test, FI = 157.7, p < 0.001; pairwise com-
parisons, all p < 0.001). Within the sampled part of CA3, there
was no significant correlation between tetrode position and
number of rooms (r = 0.25, p = 0.41). The transition between
the sparse representations of the CA3 area and the dense repre-
sentations of CA2 probably occurred in the distal-most part of
CA3, where no cells were recorded in the 11-room experiment
(Figure S7C).
We next asked whether the multiple CA2 maps were orthog-
onal, as would be expected during global remapping. In all three
hippocampal subfields, population vectors from corresponding
box locations were largely uncorrelated between different
room pairs but not between different trials in the same room (Fig-
ures 8B and S7D–S7F). Yet we noticed that, in some cases, the
configuration of place fields in CA2 was more similar than ex-
pected for different rooms (Figures 7 and S6A). To determine if
such events occurred more often than expected by chance,
spatial maps for each pair of rooms were correlated in 90 rota-
tion steps for each cell (motivated by the 90 symmetry of the
boxes). The maximum correlation among the four rotations
was then selected, and the distribution of these correlations
was plotted for each hippocampal subregion (Figure 8C, left
panel). The correlation between rate maps from different cells
in the same room (maximumof four rotations) served as a control
(Figure 8C, right panel). Correlations were also compared to
shuffled correlation distributions where both cells and rooms
were selected randomly (10,000 permutations; maximum of
four rotations; black traces in Figure 8C). The analyses showed
that the distribution of spatial correlation scores for rate maps
from the same cells in different roomswas skewed toward higher
values in CA2 than in CA3 and pCA1 (Figure 8C). In CA2, the
number of spatial map pairs with correlations above the 95th
percentile of the random distribution (random cell pair, random
room pair) was significantly above the 5% chance level (between
rooms for the same cells, 9.35%; between cells in the same
room, 5.62%; chi-square test, c2 [1] = 38.6, p < 0.001). For cells
in CA3 and pCA1, the percentage of spatial correlations above
the 95th percentile level did not differ from the percentage in
the between-cell control analysis (CA3, 5.16% and 5.08%,
respectively; pCA1, 6.26% and 5.37%; chi-square test, c2 <
1.6, p > 0.20) or the shuffled distribution (5% by definition, chi-Nesquare test, c2 < 3.5, p > 0.05). In CA2, there was also a signifi-
cant enhancement of the average correlation across rooms (for
the same cells) compared to correlations across cells (Student’s
t test, t (10,682) = 6.2, p < 0.001). No corresponding difference
was found for CA3 or pCA1 (CA3, t (14,263) = 0.89, p = 0.37;
pCA1, t (7,598) = 0.20, p = 0.84).
Similar conclusions were obtained when rate maps were
compared by population vectors. Correlations between popula-
tion vectors at corresponding locations in different rooms were
very low in CA3 (mean ± SEM, 0.044 ± 0.005). In CA2, the
population vector correlations were clearly larger than the 95th
percentile point of the distribution for a random selection of
room pairs and cell pairs (0.175 ± 0.011 versus 0.104; one sam-
ple t test, t [54] = 6.7, p < 0.001). Population vectors in CA1 were
also increased (0.145 ± 0.009 versus 0.105; t [54] = 4.3, p <
0.001), as expected from a previous study (Leutgeb et al.,
2004). Taken together, the correlation analyses suggest that,
unlike place maps in CA3, representations in CA2 are not fully
orthogonalized between environments with different spatial
coordinates.
Reduced Stability in CA2 Place Fields
A recent study has shown that CA2 place fields are less stable
across trials than CA3 and CA1 cells when trials are separated
by several hours (Mankin et al., 2015). We asked whether such
instability was expressed in the present recordings too, and
whether it was present within trials, at a timescale that might
affect spatial tuning in time-averaged rate maps. We compared
the first and the second half of each recording trial, as well as
discrete trials in the same environment. Within the same
10 min trial, CA2 had significantly lower spatial stability than
pCA3, mCA3, dCA3, and pCA1 (one-way ANOVA, F [4] = 27.9,
604 cells, p < 0.001; Holm-Bonferroni post hoc test, all p <
0.001) (Figure S2B). CA2 also showed significantly lower stability
between discrete trials separated by 1 hr (Figures S8A–S8D). In
CA2, correlations between rate maps of the same cell dropped
to near chance level within 7 hr (mean spatial correlation be-
tween first and second exposure on each day ± SEM, 0.268 ±
0.042; Figure 8D). In simultaneously recorded CA3 cells, place
fields in the familiar room were highly reproducible even after
31 hr (mean spatial correlation between first exposure on day 1
and second exposure on day 2 ± SEM, 0.765 ± 0.032). The differ-
ence between subregions was significant for discrete trials sepa-
rated by 7, 17, 24, and 31 hr (Figures 8D and S7H–S7J; two-way
repeated-measures ANOVA, regionmain effect, F [2, 105] = 99.9,
p < 0.001; time main effect, F [3, 315] = 7.3, p < 0.001; time3 re-
gion interaction, F [6, 315] = 2.0, p = 0.064). Stability in CA2 was
significantly lower than for CA3 and pCA1 at all four time points
(Holm-Bonferroni post hoc test, all p < 0.001). The ability to
maintain stable spatial firing between trials dropped at the
distal end of CA3, near the transition point between sparse and
dense representations in the global remapping tasks (Figures
S8E and S8F). Explained variance was clearly larger for
sigmoidal than for linear curve fits (15 min interval, 34.2% versus
19.7% in the color reversal task and 61.7% versus 29.4% in the
two-room task; 45 or 60 min interval, 66.3% versus 39.7% and
63.8% versus 45.1%, respectively; inflection points between
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Figure 8. Group Data Showing Regional Differences in Remapping in the 11-Room Task
(A) Distributions showing the number of rooms that each cell was active in. Note that in CA2 the majority of the cells were active in all rooms.
(B) Population vector correlationmatrices showing similarity of ensemble activity across all combinations of rooms. Color scale is indicated on the right. Note total
absence of correlation between rate maps for different rooms in CA3. In contrast, CA2, and to a lesser extent CA1, shows weak correlation between some room
pairs.
(C) Distributions of spatial correlation between rate maps for the same cell in different rooms (left) or for different cells in the same room (right). Black trace shows
the distribution of randomly selected combinations of cells from all rooms (10,000 permutations). Black vertical line indicates 95th percentile value of the latter
distribution (chance level). The proportion of observations above the chance level is indicated at the top right of each panel. Note that, in CA2, between-room
correlations are skewed toward higher values than expected from the chance distribution (black arrow).
(D) Spatial correlation matrices for repeated recordings in the familiar room for each region. Four trials in the familiar room were recorded over 2 days with time
intervals of 7, 17, 24, and 31 hr. The same color scale is used (scale on the right). See also Figures S7 and S8.DISCUSSION
We observed a reduction in sharpness and confinement of place
fields from the proximal to the distal end of CA3. This reduction
extended into CA2. The reduced spatial information content of
the CA2 cells is consistent with earlier data (Mankin et al.,
2015), but the present work shows that the dispersed firing of1088 Neuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc.the CA2 cells represents the end of a continuum that begins in
CA3. The transition along the CA3-CA2 axis was accompanied
by a progressive decrease in the ability of place-cell ensembles
to discriminate variations in the properties of a single environ-
ment. A similar shift to weaker remapping (less differentiated
maps) was observed when animals explored different environ-
ments, in different rooms; however, this transition was clearly
nonlinear. While cell ensembles in proximal-to-intermediate CA3
were uniformly uncorrelated across rooms, ensembles in distal
CA3 and CA2 largely recruited the same cells, sometimes even
with some similarity in the spatial configuration of place fields
in different rooms. The shift from independent to more depen-
dent cell assemblies occurred at approximately 90% of the
length of the proximodistal CA3 axis, 200–250 mm from the
CA2 border.
Continuity and Discontinuity along the CA3-CA2 Axis
The change in properties of individual cells along the CA3-CA2
axis was matched by a transition in the degree at which place
cells remapped between environments. Representations for
different environments were always less distinguishable at the
CA2 end, but the nature of the CA3 gradient depended on the
type of remapping, suggesting that different computational pro-
cesses were involved.
In the rate-remapping task, the transition along the CA3-CA2
axis was progressive. When animals were tested in black and
white versions of the same environment, place cells retained
their firing locations, but at the proximal CA3 end of the axis,
the distribution of activity among these firing locations was
strongly altered between the two configurations. Closer to the
distal end of CA3, and in CA2, the activity pattern largely failed
to distinguish between black and white versions of the task.
Similarly low levels of remapping have been observed in CA2
in a previous study (Mankin et al., 2015), although rate remap-
ping was not specifically investigated there. The gradual loss
of rate remapping along the CA3-CA2 axis matches several gra-
dients in intrinsic connectivity, such as the increase in recurrent
excitatory connections (Tamamaki et al., 1988; Ishizuka et al.,
1990; Li et al., 1994) and the parallel decrease in mossy-fiber in-
puts from granule cells in the dentate gyrus (Ishizuka et al., 1995).
The bias toward generalization across varieties of experience in
the same environment at the distal end of the CA3-CA2 axis may
reflect the increased density of recurrent connections at this end
of the continuum, connections that are thought to be essential for
pattern completion to take place in autoassociative networks
(Marr, 1971; McNaughton and Morris, 1987; Rolls and Treves,
1998; Lee et al., 2004; Knierim and Zhang, 2012).
The graded change in rate remapping from pCA3 to CA2 dif-
fers noticeably from the abrupt transition in dCA3 in the extent
of global remapping. Place cells along the CA3-CA2 axis split
into two discrete populations. In proximal-to-intermediate CA3,
there was almost no overlap between cell populations recruited
in different rooms. At the opposite end of the axis, in the distal-
most 10% of CA3 and in CA2, the same cells were active in
nearly all environments, and the distribution of firing fields among
these cells was more similar between environments than ex-
pected by chance, consistent with the generalization observed
at the distal end in the rate remapping experiments. Cells in
this region of CA3 and CA2 were also less stable across trials.
The sparse and stable representation of space in proximal and
intermediate CA3 is consistent with a role for this area in storage
of large numbers of representations (Battaglia and Treves, 1998;
Alme et al., 2014). The high levels of remapping in pCA3 are
in agreement with previous experimental and theoretical work
pointing to the CA3 region, as well as the adjacent dentate gyrus,Neas a potential substrate for pattern separation in the hippocam-
pal formation (McNaughton and Nadel, 1990; Treves and Rolls,
1992; Leutgeb et al., 2004, 2007; Vazdarjanova and Guzowski,
2004). In CA3, these earlier studies demonstrated both pattern
completion and pattern separation. Which process was re-
cruited at any given time was thought to depend on the cortical
input pattern. The present study takes the observations further
by pointing to location within the CA3, along the dentate-CA2
axis, as a major determinant of which process is activated. By
showing that neural activity patterns in proximal part of CA3
are more discrete than those at more distal locations of the
same subfield, the data suggest that pattern separation is
more likely to take place at the proximal end, and pattern
completion more likely at the distal end. The observations are
consistent with claims from a lesion study (Hunsaker et al.,
2008), an immediate-early gene activation study (Marrone
et al., 2014), and a neural ensemble recording study published
back-to-back with the present paper (Lee et al., 2015), which
all report stronger pattern-separation properties at the proximal
end of CA3. The present work shows that the generalization
gradient is implemented as an enhancement in the overlap of
firing patterns of place cells at the distal end of CA3, and it further
identifies a continuation of this functional gradient into the adja-
cent CA2 region. How ensembles in pCA3 interact with adjacent
circuits in the dentate gyrus to enable pattern separation remains
to be determined, but the existence of bidirectional connections
between cells in the proximal part of CA3 and the dentate gyrus
(Ishizuka et al., 1990; Buckmaster et al., 1993; Li et al., 1994;
Scharfman, 1994) raises the possibility that these subregions
operate as a strongly integrated system.
The orthogonal nature of representations at the proximal end
of the CA3-CA2 axis stands in sharp contrast to the powerful
generalization across test conditions observed at the distal tip
of CA3 and in CA2. The generalization in this region may have
two sets of causes that need not be mutually exclusive. First,
generalization could reflect attractor dynamics, which is thought
to depend on strong recurrent connections similar to those pre-
sent in dCA3 and CA2 (Marr, 1971; McNaughton and Morris,
1987; Treves and Rolls, 1992; O’Reilly and McClelland, 1994;
Hasselmo et al., 1995; Rolls and Treves, 1998). Second, similar-
ities in firing properties across environments could reflect simi-
larities in the spatial inputs from the MEC. The persistent firing
properties of cells in dCA3-CA2 are reminiscent of those of
spatially modulated cells in the parahippocampal cortices,
where ensembles of grid cells, border cells, and head direction
cells are active in all environments and maintain a similar spatial
firing structure across these environments (Fyhn et al., 2007; Sol-
stad et al., 2008). The uniform activity structure of the dCA3-CA2
network may thus reflect not only strong intrinsic associational
connections but also powerful direct input from layer II cells of
the MEC (Chevaleyre and Siegelbaum, 2010; Kohara et al.,
2014). Finally, CA2 is the only subfield of the hippocampus
with strong projections back to layer II of MEC (Rowland et al.,
2013), pointing to the dCA3-CA2-MEC system as a distinct func-
tional unit. Layer II grid cells in MEC and CA2 place cells in the
hippocampus might thus form a bidirectional shortcut in the hip-
pocampal circuit in which entorhinal inputs keep the same CA2
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the periodic firing pattern of grid cells in MEC (Bonnevie et al.,
2013; Couey et al., 2013). Through this shortcut, information
from spatially modulated MEC cells may bypass the sparsening
that takes place in the dentate gyrus and adjacent CA3.
Functional Correlates Transcend the CA3-CA2 Border
As in previous work, we have defined the CA2 area by features of
cytoarchitectural organization, such as large distal CA3-like cells
and the absence of a stratum lucidum (Figure S1C) (Lorente de
No´, 1934; Tamamaki et al., 1988; Ishizuka et al., 1995; Boccara
et al., 2015). We noticed, however, that, when cells in CA2 and
CA3 had distinct functions, such as in the two global remapping
tasks, the transition took place inside the distal part of CA3, 200–
250 mm away from the anatomically defined CA3/CA2 border.
This distance is well beyond the distance over which spike sig-
nals are likely to be conducted passively from CA2 (Gray et al.,
1995). Instead, the results suggest that the distal 10% of the
CA3 might be functionally similar to CA2, with reduced ability
to orthogonalize representations by differential cell recruitment.
The functional transition point coincides with expression pat-
terns for a number of genes with preferential expression in
CA2, which often extend far into distal CA3, sometimes more
than 200 mm beyond the anatomically defined CA2 border
(Lein et al., 2005). The results are also in agreement with studies
showing that cells at the distal end of CA3 share electrophysio-
logical characteristics with CA2 cells (Kohara et al., 2014), in
addition to subfield-specific features of connectivity, such as
the inputs from the supramammillary nucleus (Haglund et al.,
1984). Taken together, the findings suggest that functionally
the CA2 region extends into the area that, based on anatomical
criteria, has been defined as distal CA3. At the other end of the
axis, in pCA3, place cells share functional properties, such as
pattern separation, with granule cells in the dentate gyrus. The
distribution of function within hippocampal circuits may there-
fore depend on connectivity and gene-expression patterns that
transcend classical regional boundaries.
EXPERIMENTAL PROCEDURES
Subjects and Implants
Fourteenmale Long Evans rats (400–500 g) were implanted with amultitetrode
‘‘hyperdrive’’ aimed at the left or right hippocampus (four and ten rats, respec-
tively; 2.5–4.3 mm posterior to bregma, 2.2–3.8 mm lateral from midline).
Tetrode preparation and surgical procedures were the same as previously
described (Lu et al., 2013). Animals were housed individually after surgery un-
der standard lab conditions.
Electrophysiological Recordings
Starting from day 1 after surgery, the tetrodes were moved in small daily incre-
ments toward CA1, CA2, or CA3 until they reached the pyramidal cell layer.
Neuronal activity was amplified, monitored, and recorded at 32 kHz, with fil-
ters at at 600 Hz–6 kHz, using a 64-channel Cheetah Data Acquisition System
(Neuralynx, Bozeman). Unit activity was referenced to relatively quiet signals
recorded from the cortex. The electrodes were not moved on the day of
recording, in order to maintain stable recordings. Light-emitting diodes on
the headstage were tracked at 25 Hz by an overhead camera.
Behavior Procedures
After 1 week of recovery from surgery, rats were partially food deprived and
trained daily to forage on multiple trials for randomly scattered food crumbles
in a standard 1 m box. The rats were tested first in the color reversal task1090 Neuron 87, 1078–1092, September 2, 2015 ª2015 Elsevier Inc.(14 rats), then in the two-room task (ten rats), and finally in the 11-room task
(three rats). All three tasks were performed as described previously (Leutgeb
et al., 2005b; Lu et al., 2013; Alme et al., 2014).
Single Unit Identification
Multiple waveform characteristics recorded simultaneously on the four wires
of a tetrode were used to isolate single units. Cells were isolated manually us-
ing graphical cluster-cutting software MClust (A.D. Redish) in two-dimensional
parameter space. Putative excitatory cells were distinguished from putative
interneurons mainly by spike width (>200 ms). In the 11-room task, clusters
that persisted in the same regions of parameter space over 2 days were
accepted as belonging to the same cell. Quality of cell isolation was estimated
by isolation distance (Schmitzer-Torbert et al., 2005).
Data Analysis
Only stable putative excitatory cells recorded from CA3, CA2, and proximal
CA1 were included in data analysis. For each active cell (mean firing
rate > 0.1 Hz), the spatial map for each trial was computed, and standard
characteristics for spatial firing (shown in Figures 2 and S2) were calculated
as described previously (Lu et al., 2013). Measures for the environment with
the higher firing rate were chosen for each cell. Normalized rate difference,
spatial correlation, and population vector correlation were estimated as
described (Lu et al., 2013) to compare the difference in firing rate distribution
between trials. For each measure, the mean value of all the active cells
recorded from each tetrode was chosen to represent that tetrode.
Statistical Procedures
The data were largely normally distributed, and parametric statistics was used
to compare groups. Significance level was set as p < 0.05 and is given for two-
tailed tests.
Histology and Recording Sites
The electrodes were not moved after recording. Brains were extracted right
after the rats were euthanized with perfusion of formalin or 4% paraformalde-
hyde. Frozen sections (30 mm) were cut and stained with cresyl violet. All tet-
rodes were identified, and the tip of each electrode was found. Subregions of
the hippocampal proper were defined according to standard definitions (Lor-
entedeNo´, 1934;Boccara et al., 2015;Cappaert et al., 2015; seeSupplemental
Experimental Procedures). For CA3 and CA2 tetrodes, distance from the prox-
imal end of CA3 wasmeasuredmanually and scaled by the total length of CA3.
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